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synthesis of plasmonic hybrid Janus
nanoparticles†
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Asymmetric hybrid nanoparticles have many important appli-
cations in catalysis, nanomotion, sensing, and diagnosis, however
ways to generate the asymmetric hybrid nanoparticles are quite
limited and ineﬃcient. Most current methods rely on interfacial
adhesion and modiﬁcation of already formed particles. In this
article we report a one-pot, facile and scalable synthesis of aniso-
tropic Au-polymer hybrid nanoparticles via interfacial oxidative
dispersion polymerization. The interfacial nucleation and polymeri-
zation lead to spontaneous symmetry breaking and formation of
the Janus particles. The reaction is initiated by monomer radicals
generated by the strong oxidant HAuCl4, which is itself later
reduced by the electron-rich monomers to self-nucleate and form
Au nanoparticles (NPs). The competition between divinylbenzene
adsorption and the PVP capping agent results in eﬀective partial
surface wetting, forming asymmetric Au-PDVB hybrid nano-
particles, by conﬁning growth of each material to its own phase.
Such spontaneous symmetry breaking, important in morphogen-
esis, with control over the subsequent growth processes should
lead to signiﬁcant advances in the synthesis of asymmetric
nanostructures.
1. Introduction
Asymmetric hybrid nanoparticles and their self-assemblies
have become intriguing for a wide range of applications in
optics1–5 catalysis,6 sensing,7 and are key to creating increas-
ingly complex nano-architectures.8 Au-polymer composites are
of special importance for theranostics because the metallic
cores can function as a SERS substrate for sensitive biomolecu-
lar detection and the polymer shells can be used as carriers
for drug delivery. The asymmetric configuration adds
additional control upon aggregation for generating hot spots
from contacts, which can be applied for photothermal
therapy.9
Methods to generate Janus hybrid nanoparticles, however,
are quite limited and always involve multi-steps, often relying
on interfacial adhesion and partial modification of one part
of a particle. One approach is self-assembly of di-block copoly-
mers on the surface of Au NPs via hydrophobic interac-
tions, however the thickness of such polymer shells is not
tuneable.10 The other route is dispersion polymerization of PS
in the presence of Au seeds. Because of the incompatible
surface potential between Au and PS, anisotropic growth was
observed but required sophisticated control of the addition
time of the Au seeds.11 More recently, we have developed an-
isotropic hybrid nanoparticles based on the nonlinear swelling
properties of highly cross-linked polymers, where the sizes of
both Au and the polymer components are tuneable with good
reproducibility.12 That method, however, yields Au nano-
particles fully encapsulated inside the polymer matrix, which
blocks the easy access of molecules to the gold surface for
SERS measurements. Moreover, all of these methods need
multiple steps which involve synthesis of the seeds and sub-
sequent coating of the polymers, using diﬀerent temperatures,
solvents, and reagents. Therefore, reducing the number of
reaction steps greatly improves the sustainability of these reac-
tions, and a one-pot synthesis of these anisotropic hybrid
nanoparticles is highly desirable for easy, scalable and cost-
eﬀective production.
Several groups have attempted one-pot syntheses of the
asymmetric Au-polymer hybrid nanoparticles either via electro-
static repulsion,13 or in situ reduction in phase-separated block
polymers,14 or with the assistance of liquid–liquid interfaces.15
The mechanism of generating the asymmetric nanoparticles
mostly relies on the balance of the interfacial tensions
between the solid nanoparticles, soft polymers, and liquid
solvent.16–18
In this communication, we demonstrate one-pot bulk synthesis
of Janus nanoparticles made of Au and poly(divinylbenzene)
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(PDVB). We started from modified dispersion polymerization
where HAuCl4 was used as the initiator. The monomer dro-
plets made of DVB were stabilised by polyvinylpyrrolidone
(PVP) and oxidized by the HAuCl4 to form a radical species
which incurred further polymerization inside the droplets,
while the HAuCl4 was reduced to Au (0) to form Au NPs at the
surface of the droplets (Scheme 1). There is an unfavourable
interfacial energy mismatch between Au NPs (8.78 N m−1 with
respect to vacuum, hydrophilic) and DVB (40 mN m−1, hydro-
phobic),19 which can initially lead to only partial capping of
the Au NP nuclei by PDVB. Practically however, small levels of
contaminants greatly influence the Au surface energy. To elimi-
nate variations, we have used an excess of PVP capping agent
which reproducibly controls the Au surface energy. In our case,
the PVP also acts as a steric stabilizer for the DVB droplets.
The DVB (or styrene), then competes with PDVB for adsorption
and access to the surface to form the polymer part of the par-
ticles. This is diﬀerent from our previous report where Au
seeds facilitated initial uniform polymer coating around the
Au NPs made asymmetric via a polymer swelling instability.12
Instead, the interface between water and DVB droplet provides
favourable nucleation sites for Au nuclei to form, followed by
anisotropic growth: the metallic part grows much faster in the
opposite direction of the part capped with polymers because
of the self-catalytic process.7 Further reduction and oxidative
polymerization leads to independent growth kinetics of Au
and PDVB components, which eventually leads to the for-
mation of anisotropic hybrid nanoparticles (Scheme 1).
2. Experimental
2.1 Materials
Trihydrate gold tetrachloride (HAuCl4·3H2O, 99%), Styrene (St,
90%), Divinyl benzene (DVB, 20% isomers) and Polyvinylpyrro-
lidone (PVP, Mw = 40 000) were purchased from Sigma-Aldrich
company. All the water used in the experiments was deionised
before use.
2.2 One-step synthesis of Au/PDVB asymmetric hybrid
nanoparticles
An aqueous solution of PVP and HAuCl4 was vortexed within a
1.5 ml eppendorf tube followed by the addition of DVB.
The amount of HAuCl4 and DVB could be adjusted and the
resulting morphology of the hybrid nanoparticles changed
accordingly. For the optimal synthesis of uniform Au/PDVB
hybrid nanoparticles, 10 µl of HAuCl4 (10 mM) and 40 µl of
PVP (20 mg ml−1) were added into 0.5 ml water. Another 1 µl
of DVB (or diluted with 10 µl toluene) was injected after which
strong ultrasonication (600 W) was applied to disperse the
DVB in water to form a milky suspension. The Au reduction
and DVB polymerization happened spontaneously, and
occurred while the system was kept constantly in an ultrasonic
bath (45 °C) for 2 h. Centrifugation (2000 rpm) was applied to
separate large aggregates and impurities from the hybrid
nanoparticles in the batch. The final products were stored in
pure water.
2.3 Characterizations
SEM images were captured on a LEO 1530VP (Zeiss) at an
accelerating voltage of 5 kV and with EDX mapping at 15 kV.
The TEM images were taken under 100 kV. The samples were
stained with (NH4)6Mo7O24 for clear imaging of the polymer
parts. Dynamic light scattering (DLS) was performed with a
Zetasizer (Malvern) to determine the size of the particles.
Extinction spectra were measured with fiber coupled spectro-
meter (USB 2000, Ocean Optics).
3. Results and discussion
The synthesis of the asymmetric hybrid nanoparticles is based
on dispersion polymerization, with spontaneous symmetry
breaking, which allows the growth of two separate phases in
diﬀerent directions. Here HAuCl4 is the strong oxidant for the
generation of radical species of DVB, which initiates the well-
established oxidative polymerization process, previously
applied to the synthesis of polypyrrole and polyaniline.17,20 In
our case, the DVB has a divinyl functional group on the
benzene ring, which is highly eﬃcient in generating radicals
for polymerization compared to styrene. The two vinyl bonds
also introduce cross-linking in the polymer matrix. We use
water as the dispersant and PVP as the stabilization agent.
The Au NPs are formed by interfacial nucleation, where the
HAuCl4 is reduced to Au(0) and self-nucleated to form Au NPs.
Both the reduction and polymerization processes have very fast
reaction kinetics and the formation of Au NPs and PDVB depo-
sition happen simultaneously. Further reduction of Au(III) to
Au(0) can also be self-catalyzed and selectively deposited on
the surface of gold nanoparticles.7 Here, PVP plays an impor-
tant role in sterically stabilizing the small monomer droplets,
on which Au NPs nucleate and grow. Without PVP these
hybrid droplets coalesce, and thus only large droplets deco-
rated with multiple Au NPs were formed (see ESI-Fig. S1†). At
the initial stages of polymerization, the interfacial environ-
ment between DVB droplet and aqueous phases helps nucleate
the Au NPs, but because of the large interfacial tension
between the Au NPs, PDVB and H2O, the PDVB and Au sur-
faces partially dewet16 as they grow. In the end, the asymmetric
hybrid nanoparticles of Au/PDVB are generated as shown in
Fig. 1. The TEM and SEM images in Fig. 1a, b show the aniso-
tropic encapsulation of the Au NPs and the EDX composition
mapping further identifies the distribution of the PDVB and
Scheme 1 Formation mechanism of Au-PDVB hybrid Janus colloidal
particles.
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Au NP components. The UV-Vis absorption (Fig. 1e) shows a
distinctive plasmon absorption peak of the Au NPs at 600 nm.
This wavelength results not only from the large size of the Au
NPs but also from the change of refractive index from the
polymer environment around them.21 The asymmetric hybrid
particles are relatively uniform upon purification. The dia-
meter distribution was determined by comparison of two inde-
pendent techniques, from the electron microscope images and
statistical measurements of their sizes (Fig. 1c), and DLS
(Fig. 1d). For example, the hybrid nanoparticles obtained
under the condition for Fig. 1, had a component of Au with
diameter of 250 nm and PDVB with size of 422 nm. The DLS
hydrodynamic diameter was measured to be 450 nm for the
hybrid nanoparticles (Fig. 1d), which is consistent with the
size measured from TEM images. There were two minor impu-
rities, sub-100 nm particles from later stage nucleation of Au
NPs and >1 µm large polymer aggregates.
Around 15% of the PDVB hybrid nanoparticles in the batch,
which was extracted after 20 min of polymerization, had two
(<10%) or three (<5%) Au NPs on their surface (see Fig. 1f).
Rather than multiple nucleation of Au particles, as observed
under diﬀerent conditions later, the same size of the Au par-
ticles on the surface indicate limited coalescence of the PDVB
cores, even in the presence of PVP.
To maximize the yield of particles with only one PVDB and
one AuNP core, it is critical to map out the eﬀect of adjusting
the concentration of the monomers and oxidant. Therefore,
diﬀerent concentrations of HAuCl4 and DVB were utilised and
the resulting reaction phase diagram is shown in Fig. 2. For
high concentrations of HAuCl4 (>1 mM) and DVB (>80 mM),
faster reaction kinetics leads to multiple nucleation sites on a
Fig. 1 Asymmetric hybrid nanoparticles synthesized with 0.2 mM HAuCl4 and 32 mM DVB. (a) TEM image, scale bar is 2 μm and 1 μm in the inset,
(b) SEM image with inset of EDX mapping. Scale bars are 5 μm and 500 nm in the inset, (c) is the statistic measurement of the sizes of the hybrid
nanoparticles, (d) is the dynamic light scattering measurement of the hybrid nanoparticles in aqueous dispersion (number average), (e) is the UV-Vis
spectra of the hybrid nanoparticles, (f ) is the purity and the yield of the hybrid particles with diﬀerent morphologies, all the scale bars in the insets
are 100 nm.
Fig. 2 The product diagram of hybrid nanoparticles under diﬀerent
concentrations of DVB and HAuCl4. □ Au raspberry clusters, △ mixture
of Au-PDVB nanoparticles with single and multiple Au components,
○ Au-PDVB Janus particles. The reactions are taking place under 45 °C.
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single DVB droplet and coalescence of the droplets into rasp-
berry-like clusters (the blue rectangles show reaction con-
ditions tested). Intermediate concentrations of HAuCl4 and
DVB lead to the formation of anisotropic hybrid nanoparticles
with a mixture of one and multiple Au nanoparticles on a
single PDVB particle (indicated by orange triangles). Though
these concentrations still favour high Au nucleation, the lower
coalescence is the result of lowering the DVB/PVP ratio.
Keeping the PVP concentration constant but lowering the DVB
concentration makes it less competitive for binding to the
surface and decreases the chance of coalescence between the
particles at the initial stage of dispersion polymerization.
When the concentration of DVB is lower than 16 mM and the
concentration of HAuCl4 was kept below 0.4 mM (purple
circles), relative uniform Au-PDVB anisotropic particles were
formed, with one AuNP per PDVB particle. Further lowering
the concentration of DVB leads to Au-PDVB Janus nano-
particles which are smaller and more uniform.
Reaction temperature also aﬀects the size of the hybrid
nanoparticles, and especially the size of the PDVB component.
For batches synthesized at 45 and 65 °C, the average sizes
change from Au 95 ± 2 nm/PDVB 200 nm ± 10 nm to nearly
equal sizes Au 59 ± 2 nm/PDVB 60 ± 3 nm (Fig. 3a, b). This is
because higher reaction temperatures result in faster polymer
nucleation and larger numbers of nuclei, which makes the size
of each particle smaller. A similar trend towards smaller Au
NPs is observed, since the PDVB and Au NPs nucleate simul-
taneously, though their growth rates are diﬀerent. However for
even lower temperatures (25 °C) when the PDVB particles grow
even more slowly, additional Au nucleations occur on their
surface during growth stage, as evidenced by the diﬀering Au
NPs size (Fig. S2†). This consumes some of the HAuCl4,
creates several Au seeds per PDVB particle, and makes the
overall Au NP sizes smaller. Fig. 3 shows the average sizes of
Au-PDVB nanoparticles with typical images at diﬀerent reac-
tion temperatures in the optimal regime.
As seen in these experiments, the final morphology of the
hybrid Au-PDVB nanoparticles is largely determined by the
nucleation and growth of the Au and PDVB components. To
monitor and understand the growth kinetics, we quenched the
polymerization with large amounts of water at diﬀerent stages
of the reaction, and applied centrifugation to separate the
intermediate products and observe their morphologies
(Fig. 4a, b). Initially, nucleation of Au NPs occurs simul-
taneously with the polymerization of DVB via in situ redox reac-
tions. Further growth of the PDVB follows a typical radical
polymerization with a self-acceleration process as shown in
Fig. 4b. It is diﬃcult to distinctively observe initial stages of
polymer layer formation due to its low electron density com-
pared with the Au NPs. Beyond 2 h of reaction time, the size of
the Au NPs increases nonlinearly from 54 to 127 nm and the
size of PDVB from 11 to 246 nm (Fig. 4c). Although the size of
the DVB droplets varies in the suspension, the growth of PDVB
inside the DVB droplets is simultaneous and uniform. There-
fore, we observe a steady and uniform increase of the size of
the hybrid nanoparticles. The growth of the Au component
was also independently monitored with UV-Vis spectra as
shown in Fig. 4(c). There is no plasmon peak detected in
the first 3 minutes of reaction, indicating there is no immedi-
ate nucleation of Au NPs even although there might be some
intermediate reduction of HAuCl4 to the Au
+ state. The absorp-
tion peak intensity and maximum gradually shifts (from 570
to 580 nm), matching the steady increase in the size of the
Au NPs (Fig. 4d), indicating continuous exposure to the
aqueous environment, until they eventually reach a plateau
after 2 h. Noteworthy is that the growth of Au almost complete
in the first 30 min (black curve, Fig. 4c). The small increase
by 2 h may be due to Ostwald ripening from late-nucleated
Fig. 3 Sizes of Au and PDVB components obtained at diﬀerent tem-
peratures. Insets are TEM images of asymmetric Au-PDVB hybrid nano-
particles synthesized at (a) 45 °C and (b) 65 °C. Scale bars are 200 nm.
Fig. 4 Kinetics of growth of hybrid nanoparticles. (a) Scheme and (b)
typical TEM images at diﬀerent times, all scale bars are 100 nm. (c) Size
changes of components of Au and PDVB with time. (d) Growth kinetics
of Au component monitored with UV-Vis spectroscopy.
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particles which disappear into the larger ones. The growth
of the PDVB follows characteristic dispersion polymerization
kinetics.22,23
The growth rates of Au and PDVB thus are matched at
initial stages due to the redox reaction between HAuCl4 and
DVB. Interfacial energy mismatches and competitive surface
adsorption play a role in the relative kinetics before one
reaches exhaustion of a reagent. In the later stages, when the
HAuCl4 is totally consumed, the growth of DVB continues only
by radical polymerization. Some similar particles have been
formed by other reaction mechanisms, e.g., in the biphasic
interfacial polymerization of Au and aniline.14 The mechanism
we resolve here, however, applies to other monomers as well,
since if we use styrene as the monomer, we also observe the
formation of Au-PS Janus nanoparticles as shown in Fig. 5.
Here the PS is not crosslinked but can still form Janus par-
ticles which thus excludes the nonlinear swelling-induced an-
isotropic growth mechanism we have discovered previously.12
Interestingly, rather than solid spheres, hollow PS capsules are
formed (Fig. 5a), which further supports the idea that inter-
facial nucleation and polymerization is the key route to the for-
mation of Janus hybrid nanoparticles. The polymerization
eﬃciency of styrene droplets is lower than that of DVB, which
is likely the main reason that only the surfaces of the droplets
are polymerized. When dried from solution, the unreacted
styrene in the interior evaporates, leaving a buckled shell
behind (Fig. 5b).
Our method is likely to be applicable to a large number of
monomers, including also conductive molecules. In a study
with diﬀerent environment and research focus similar Au/poly-
pyrrole particles were apparently obtained by a room tempera-
ture reaction.15,24 Though diﬀerent temperatures were not
investigated, the polydispersity observed for Ag on polypyr-
role24 and PS,25 is similar to what we observe at 25 °C due to
slow growth and multiple nucleation, so it is likely they were
formed by the same mechanism. Having a detailed under-
standing of the reactions and kinetics involved, as depicted
here, are important steps to further control and develop such
energy- and material-eﬃcient one-pot reactions. Further steps
in developing the envisioned theranostic applications for these
hybrid Janus particles will involve the incorporation of model
drug molecules in the polymer components of the
particles.26,27
4. Conclusions
This paper introduces a facile approach to synthesize asym-
metric hybrid plasmonic nanoparticles made of Au and PDVB.
The oxidative dispersion polymerization of DVB initiated by
HAuCl4 simultaneously creates both a highly cross-linked
PDVB component and an adjacent Au NP. Here, PVP molecules
act as a stabilizing agent for the polymerization, a stable inter-
face for Au NPs nucleation and a competitive capping agent
for the Au. They prevent coalescence of the particles and help
generate the asymmetric growth. Because the DVB oligomers
have to displace PVP from the Au surface, PDVB only partially
wets the surface of Au NPs, thereby generating asymmetric
growth of PDVB on the Au NPs. The size and monodispersity
of the particles can be well controlled by the concentrations of
HAuCl4 and DVB, as well as by the reaction temperature. The
growth kinetics of the hybrid nanoparticles were followed for
Au-PDVB, as well as the Au-PS Janus nanoparticles, further elu-
cidating their formation. Such one-pot formation opens up
eﬃcient, bio-inspired mechanisms for complex morpho-
genesis, which feature symmetry breaking, and independent
reactions which maintain the lower symmetry.28,29 The large
polymer lobes create steric hindrance and the unique possi-
bility of packing only 3 or 2 of the Au plasmonic cores touch-
ing each other. The ability for such selective aggregation has
long been sought in SERS sensing and is a potential appli-
cation for the hybrid Janus particles created by this and
other methods. Further development of Janus nanoparticles
with polymer and plasmonic components, as with the
Au-PDVB shown here, is promising in several fields,
including nano self-assembly, optics, sensing and medical
applications.
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